respectively. These indices of cardiac mechanics are sensitive indicators of myocyte injury and malfunction, and can provide novel insight into potential risk factors, such as albuminuria (ie, endothelial dysfunction), and their role in the pathogenesis of myocardial disease and adverse cardiovascular events.
We hypothesized that low-grade albuminuria, quantified by UACR, is associated with abnormal cardiac mechanics in individuals with a wide variety of cardiovascular risk factors, and that this association is present before development of overt echocardiographic structural abnormalities or symptomatic HF. We therefore performed speckle-tracking analysis for the ascertainment of cardiac mechanics in the Hypertension Genetic Epidemiology Network (HyperGEN) Study, a large population-and family-based study of hypertension.
Methods

Study Population
HyperGEN, part of the National Institutes of Health Family Blood Pressure Program, is a cross-sectional study consisting of 5 U.S. sites, with 4 participating in an ancillary echocardiographic study (Salt Lake City, Utah; Forsyth County, North Carolina; Minneapolis, Minnesota; and Birmingham, Alabama). The goal of HyperGEN was to identify and characterize the genetic basis of familial hypertension; complete details of the HyperGEN study design have been reported previously. 13 Study eligibility required a diagnosis of hypertension before the age of 60 years and ≥1 affected sibling willing to participate in the study. Normotensive, age-matched controls were drawn from the same base populations as the hypertensive participants. Hypertension was defined by an average systolic blood pressure ≥140 mm Hg or an average diastolic blood pressure ≥90 mm Hg (on at least 2 separate clinic visits) or by self-reported treatment for hypertension. Individuals with a history of type 1 diabetes mellitus (DM) or end-stage renal disease were excluded because of the high risk of secondary forms of hypertension. None of the HyperGEN participants had symptomatic HF. For the present study, participants with left ventricular (LV) ejection fraction (LVEF) <50% or abnormal wall motion score were excluded. All HyperGEN study participants gave written informed consent, and the HyperGEN study was approved by each study site's local institutional review board.
Measurement of Urinary Albumin to Creatinine Ratio and Estimated Glomerular Filtration Rate
Overnight, 12-hour urine samples were collected from each patient. 13 Urinary albumin was measured by immunoterbidimetry using the DiaSorin antibody. Urinary creatinine was measured using a colorimetric dye-binding technique based on its reaction with picric acid.
14 UACR values are calculated as mg albumin/g creatinine. Glomerular filtration rate (GFR) was estimated by the abbreviated Modification of Diet in Renal Disease (MDRD) equation.
Clinical and Conventional Echocardiographic Characteristics
Demographic, clinical, and laboratory data were collected. Height, weight, and blood pressure were measured by trained personnel using a standardized protocol. Type 2 DM was defined by fasting glucose ≥126 mg/dl, use of hypoglycemic medication, or self-reported history. Coronary artery disease (CAD) was defined by self-reported history of myocardial infarction, coronary artery bypass grafting surgery, or percutaneous coronary intervention.
Echocardiography (including 2D, M-mode, and Doppler imaging) was acquired on all study participants using standardized acquisition protocols and stored in analog format (high grade, medical quality videocassette tapes) at the time of study visit. 15, 16 Cardiac structure and function were quantified as recommended by the American Society of Echocardiography (ASE). 17, 18 LVEF was calculated using the biplane method of discs. LV mass was calculated using the linear method recommended by the ASE and indexed to body surface area. LVH was defined as LV mass index >95 g/m 2 in women or >115 g/m 2 in men. 18 Diastolic function was quantified using early diastolic (E) and late/atrial diastolic (A) transmitral velocities, E/A ratio, isovolumic relaxation time, and E deceleration time.
Digitization of Echocardiograms and Interpretation of Image Quality
Archived echocardiograms in analog format were converted to digital format using the TIMS 2000 DICOM System (Foresight Imaging, Chelmsford, MA). Cine loops of 2-4 cardiac cycles from the parasternal short axis (papillary muscle level) and apical 4-chamber views were digitized at a frame rate of 30 to 40 frames per second and stored offline in DICOM format. Each echocardiographic view was assessed for image quality by an experienced operator, blinded to all other clinical and echocardiographic data, using a 4-point scale based on the degree of endocardial border visualized (1 = 0-25%; 2 = 25%-50%; 3 = 50%-75%; 4 = 75%-100%), similar to scales used previously.
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Two-Dimensional Speckle-Tracking Analysis
Digitized cine loops were analyzed using 2D wall motion tracking software (2D Cardiac Performance Analysis [CPA], TomTec v4.5, Unterschleisshein, Germany). After isolating the highest quality cardiac cycle, the endocardial and epicardial borders were traced at end-systole in each view. Computerized speckle-tracking analysis was performed and endocardial and epicardial border tracings were manually adjusted to optimize tracking. Indices of LV mechanics included peak global longitudinal strain (GLS), peak global radial strain (GRS), peak global circumferential strain (GCS), and basal lateral wall early diastolic (e′) tissue velocities. E/e′ ratio was used as a marker of LV filling pressures. For ease of display, all strain values were converted to absolute values (ie, longitudinal and circumferential strain values were converted from negative to positive values). Lower absolute strain values, lower e′ tissue velocities, and higher E/e′ ratio were used to indicate worse cardiac function. A validation of the digitization and speckle-tracking techniques used here has been published elsewhere.
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Statistical Analysis
Study participants were divided into UACR quartiles for descriptive purposes. Because the range of UACR values differed by sex, we used sex-specific UACR quartiles, an approach used previously. 2 To do so, quartile cutoffs were determined independently for men and women, and then combined to give each quartile an equal gender composition. For all regression models, UACR (predictor variable) was log-transformed to normalize its distribution (raw UACR was right-skewed) and to increase the linearity of the association between UACR and speckle-tracking parameters (outcome variables).
We described clinical characteristics, laboratory data, and conventional echocardiographic parameters by UACR quartile. Continuous data were presented as mean±standard deviation. Categorical variables were presented as a count and percentage. To test for trends in clinical characteristics, laboratory data, and conventional echocardiographic parameters across quartiles, we examined the association between each parameter and UACR using linear mixed effects models, adjusted only for the random effect of relatedness among HyperGEN participants. In these models, we treated UACR as a continuous (log-transformed) variable. Cardiac mechanics and filling pressures were similarly described by UACR quartile and analyzed using UACR as a continuous variable.
We used multivariable-adjusted linear mixed effects models (to account for relatedness among HyperGEN participants) to determine whether UACR was independently associated with worse cardiac mechanics and elevated E/e′ ratio. Subgroup analyses were performed in participants (1) without LVH, (2) without DM, and (3) without hypertension. We also analyzed the subgroup of participants who did not have clinical micro-or macroalbuminuria (ie, UACR <30 mg/g). For descriptive purposes, we reported the estimated mean value of each index of cardiac mechanics (or filling pressure) by quartile using the multivariable model. The estimated means in Quartiles 2, 3, and 4 were also compared with Quartile 1 to assess for significant differences.
For the multivariable analyses, covariates included speckletracking technician, image quality, study site (which accounts for differences in sonographers and echocardiography machines), and additional covariates that were selected using a combination of clinical relevance and association with albuminuria in previous studies. These additional covariates included age, sex, body mass index, diagnosis of DM, history of CAD, systolic blood pressure, use of antihypertensive medication, history of smoking, GFR, LV mass index, and LVEF. We also created and tested additional mixed effects linear models that adjusted for the following: (1) race/ethnicity instead of study site (race/ethnicity and study site were highly collinear because 2 sites recruited only white participants and 1 site only recruited black participants); and (2) angiotensin converting enzyme-inhibitor/ angiotensin receptor blocker or nondihydropiridine calcium channel blocker use instead of any antihypertensive medication use, as these drugs are known to specifically reduce albuminuria beyond their blood pressure-lowering effects. 22 For GLS, we further adjusted for arterial stiffness (pulse pressure/stroke volume ratio) and diastolic function (e′ velocity). To present β-coefficients and 95% confidence intervals (CIs) in a clinically relevant manner, β-coefficients and 95% CIs for natural log transformed UACR are multiplied by ln (2) . This translates to the change in the outcome variable for each 100% increase (or doubling) in UACR.
We evaluated intra-and interobserver reliability in a randomly selected sample of 95 unrelated study participants. These echocardiograms were analyzed by 2 independent readers, blinded to each other's measurements and all other data. Intraobserver measurements were performed by a single reader 1 month after initial measurement. We evaluated the reproducibility of speckle-tracking measurements by calculating intraclass correlation coefficient and mean bias (Table I in 
Results
Characteristics of the Study Participants
From an initial sample size of 2129 HyperGEN participants, 235 were excluded because of LVEF <50% or presence of a wall motion abnormality, leaving a sample size of n=1894 for the present study. Median UACR was 4.1 (25 th -75 th percentile 2.4-8.8) mg/g in women and 3.3 (25 th -75 th percentile 2.1-7.3) mg/g in men. Microalbuminuria (UACR 30-300 mg/g) was present in 140 (7%) participants, and macroalbuminuria (UACR >300 mg/g) was present in 50 (3%) participants. Table 1 shows baseline clinical and echocardiographic characteristics by quartile. The cohort had a mean age of 50 years. Females were more prevalent than males, making up 59% of the cohort. Nearly half of the participants were black, and they were more likely to have elevated UACR. Participants with elevated UACR were more likely to be older and have higher rates of cardiovascular risk factors, including hypertension, DM, obesity (greater body mass index), and history of CAD.
On echocardiographic analysis, higher levels of UACR were associated with increased LV mass and increased prevalence of LVH across quartiles. Diastolic function was worse (including lower E/A ratio and increased isovolumic relaxation time) with increasing levels of UACR. Arterial stiffness increased with increasing levels of UACR, as indicated by higher pulse pressure/stroke volume ratio across UACR quartiles. Figure 1 displays the unadjusted relationship between UACR quartile and 4 measures of cardiac mechanics (GLS, GCS, GRS, and e′ velocity), as well as E/e′ ratio, a marker of LV filling pressures. Absolute values of GLS, GRS, GCS, and e′ velocity decreased (indicating worse systolic and diastolic mechanics) with increasing UACR. Figure 2 demonstrates the relationship between UACR and indices of cardiac mechanics after adjustment for familial relatedness and several covariates, including factors that affect the measurement of speckle-tracking parameters (speckle-tracking analyst, study site [which accounts for differences in sonographers], and image quality), demographic factors, comorbidities, and indicators of cardiac remodeling (LV mass index) and global systolic function (EF). The association between UACR and GLS persisted after multivariable adjustment (Figure2A); however, the associations between UACR and GCS, GRS, and e′ velocity were attenuated after multivariable adjustment ( Figure 2B-2D ). Of the speckle-tracking parameters, UACR levels were most closely associated with longitudinal strain on multivariable analysis. Covariates with the greatest effect on the β-coefficient for the association of UACR and GLS were body mass index, DM, systolic blood pressure, speckle tracking image quality, and institution (Tables II and III in the  online-only Data Supplement) .
Association of Albuminuria With Worse Cardiac Mechanics
In subgroup analyses, the association between UACR and longitudinal strain persisted on multivariable analysis among those without LVH and those without DM (Figure 2A ). In normotensives, median UACR was 3.0 mg/g (interquartile range 2.0-5.0 mg/g). Microalbuminuria was present in 39/836 (5%) and macroalbuminuria in 15/836 (2%) of normotensives. After multivariable adjustment, the association between UACR and longitudinal strain was not present in normotensives. However, between Quartile 1 and Quartile 3, there was a stepwise decrease in GLS as seen in the other subgroups and the entire HyperGEN cohort. Subgroup analyses for GCS, GRS, and e′ velocity showed nonsignificant trends toward worse mechanics.
Additional models which (1) adjusted for race/ethnicity instead of study site, (2) adjusted for angiotensin converting enzyme-inhibitor/angiotensin receptor blocker or nondihydropyridine calcium channel blockers instead of any antihypertensive medication use, (3) included additional adjustment for e′ velocity as a marker of diastolic function, and (4) included additional adjustment for pulse pressure/stroke volume ratio as a marker of arterial stiffness did not change the association between UACR and GLS ( Table 2) .
Association of Albuminuria With Increased Left Ventricular Filling Pressures
Higher levels of UACR were also significantly associated with higher E/e′ ratio, a marker of LV filling pressures. On univariate analysis ( Figure 1E ), E/e′ ratio was elevated in the highest UACR quartile (in which most participants still had low levels of albuminuria). Thus, even slight increases in UACR were associated with higher E/e′ ratio. The association between UACR and E/e′ ratio persisted after adjustment for potential confounders in the total cohort and in those without DM ( Figure 2E ). Adjustment for GFR, which was a covariate in the multivariable model, did not attenuate the association between UACR and E/e′ ratio. Although the association between UACR and E/e′ did not meet statistical significance in those without LVH and in normotensives, the direction of the association was the same in these subgroups. Additional regression models did not alter the association between UACR and E/e′ ratio ( Table 2) . 
Discussion
In a speckle-tracking study of 1894 participants in the HyperGEN study, all of whom had LVEF >50% and normal , and E/e′ ratio (E) by UACR quartile, adjusted only for relatedness among participants. P for trend indicates significance of association between log-transformed UACR and cardiac indices in linear mixed effects models (which accounts for relatedness among participants). Tissue velocities by speckle tracking are lower than values observed using tissue Doppler. Thus e′ tissue velocity is lower and E/e′ is higher than observed with tissue Doppler imaging. wall motion, we found that higher levels of UACR, even at levels <30 mg/g, were independently associated with adverse cardiac mechanics. The relationship between UACR and cardiac mechanics remained after adjustment for several risk factors, including DM, blood pressure, CAD, and echocardiographic parameters including LV mass index and EF. To our knowledge, our study is the largest and most comprehensive investigation of the association between UACR and cardiac mechanics, and may help explain why increased UACR is associated with worse cardiovascular outcomes, including HF. The association between UACR and adverse cardiac mechanics was most prominent for longitudinal strain, a sensitive marker for the health of the subendocardium, which is most susceptible to injury from cardiovascular risk factors. 23 Although differences in GLS between albuminuria quartiles were modest, the inverse relationship between UACR and longitudinal strain persisted after multivariable adjustment in the entire cohort and in multiple subgroups, suggesting a biological link between the two. Therefore, even small levels of albuminuria may signify generalized endothelial damage, which appears to relate most closely with endocardial and subendocardial myocardial dysfunction.
Our results extend and verify the results of small, single-center studies that have previously shown associations between albuminuria and tissue Doppler imaging-based myocardial strain. A small study of 47 subjects with hypertension plus diabetes and 20 hypertensive controls showed an association between peak myocardial strain and 24-hr urine albumin. 12 Similarly, another tissue Doppler imaging-based study of 57 hypertensives and 48 healthy matched controls showed an association of septal strain and strain rate with the presence of microalbuminuria, but did not analyze the relationship across a range albuminuria levels.
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A previous analysis of data from 2 clinical trials of patients with diastolic dysfunction found an association between lowgrade albuminuria, but not GFR, and reduced e′ tissue velocity in hypertensives. 24 We found a similar association between albuminuria and reduced e′ velocity (Figure 1 ). However, this association was no longer significant after multivariable adjustment, which may be explained by differences in study design. In addition, the previous study did not adjust for LV mass index, CAD status, or DM as we did. Both studies, however, did find a consistent association between albuminuria and E/e′ ratio.
Our large sample allows for assessment of multiple subgroups. Namely, a significant association between UACR and longitudinal strain was present in the entire cohort, those without DM, and those without LVH. In the subgroup of normotensives, a similar association was present but did not meet statistical significance, a finding that may be explained by the sample size in Quartile 4 (n=124 normotensives who had UACR levels that placed them in the highest UACR quartile [Quartile 4]). Importantly, only a small proportion of participants in our study had clinically defined micro-or macroalbuminuria (7% with UACR=30-300 mg/g and 3% with UACR >300 mg/g, respectively). An analysis of subjects with normal UACR (< 30 mg/g) did not alter the relationship between UACR and GLS. Taken together, these results support a continuous relationship between albuminuria and subclinical myocardial dysfunction and suggest that there is a link between endothelial dysfunction and abnormal myocardial mechanics. Albuminuria is thought to be the result of endothelial damage in the glomerulus. 25, 26 In DM and hypertension, endothelial dysfunction is a global phenomenon. The cause of albuminuria in persons without DM or hypertension is less clear, though increased UACR has been linked to progression to hypertension in these individuals. 27 Proteinuria occurs in dogs with renal venous congestion, and reduced renal blood flow has been associated with albuminuria in humans. [28] [29] [30] Thus, it has been suggested that in HF, adverse hemodynamics may play a role in albuminuria in the absence of hypertension or DM. 6 Although HyperGEN participants did not have clinically evident HF, it is possible that subtle hemodynamic abnormalities play a role in the relationship observed in our study. Renal blood flow was not measured in HyperGEN, though models controlling for cardiac index (estimated on echocardiography) did not alter our results (data not shown). In addition, adjusting for GFR in our multivariable models did not attenuate the association between UACR and longitudinal strain.
An unobserved cause of both albuminuria and myocardial dysfunction, such as inflammation, may also account for the results. 31 However, inflammatory markers such as C-reactive protein or interleukin-6 were not measured in HyperGEN. Alternatively, endothelial dysfunction leading simultaneously to albuminuria and subclinical CAD could explain the association. 32, 33 However, assessment of subclinical CAD (ie, coronary artery calcium) was not performed in HyperGEN.
Although the mechanism is unclear, our data suggest that albuminuria, even at low levels, is associated with adverse cardiac mechanics after adjustment for several risk factors and conventional echocardiographic parameters. These findings highlight a group of asymptomatic individuals who may be at increased risk for overt myocardial dysfunction and progression to HF.
Strengths and Limitations
Strengths of our study include its population-based design, comprehensive echocardiographic phenotyping, inclusion of a large number of blacks, and inclusion of individuals without overt micro-or macroalbuminuria. In addition, our study is one of the largest speckle-tracking echocardiography studies to date.
Our study has some limitations. The UACR measurement was based on a single 12-hour urine collection, which may not accurately reflect the true level of albuminuria in some individuals because there is intrinsic variability in urinary albumin excretion. However, previous studies have shown that the correlation between a single-void UACR measurement and 24-hour urinary albumin excretion is high. 34 Because of the cross-sectional design of our study we are also unable to evaluate the long-term outcomes of participants with higher levels of UACR and worse myocardial mechanics; thus, how many of these individuals ultimately developed symptomatic HF is unknown. In addition, digitization of analog echocardiograms with subsequent speckle-tracking analysis may have introduced noise into the data; however, ours is one of the largest studies of speckle-tracking echocardiography and cardiac mechanics to date, and any noise in the data would have attenuated the association between UACR and cardiac mechanics. The majority of images were of adequate quality, and image quality was used as a covariate in our multivariable analyses.
In our study, we used elevated E/e′ ratio as a marker of elevated LV filling pressures. Although the E/e′ ratio may be better correlated with invasive LV filling pressures in those with reduced LVEF, it is still the best noninvasive estimate of LV filling pressures in the setting of LVEF >50%. 35 Furthermore, the E/e′ ratio has been independently associated with adverse outcomes in individuals with hypertension and no known cardiac disease. 36 Finally, given the cross-sectional nature of our study, we cannot determine a cause-and-effect relationship between increased levels of UACR and worse cardiac mechanics. The association between UACR and cardiac mechanics may be attributable to several factors: (1) end-organ damage from hypertension, resulting in both albuminuria and reduced strain; (2) inflammation causing endothelial dysfunction, which results in both albuminuria and abnormal cardiac mechanics 37 ; (3) decreased renal perfusion attributable to reduced myocardial performance; or (4) subclinical renal dysfunction resulting in abnormal cardiac mechanics. Controlled studies will be essential in determining the mechanisms underlying the association between albuminuria and abnormal cardiac mechanics.
Conclusions
Albuminuria, even at low levels, is associated with worse cardiac mechanics and higher E/e′ ratio. The association between albuminuria and worse mechanics and higher E/e′ ratio is present even in individuals without DM or LVH. These findings suggest a pathophysiological link between endothelial dysfunction and early, subclinical myocardial dysfunction. Future studies of therapies aimed at improving endothelial dysfunction may be helpful in determining whether decreasing UACR results in preservation of myocardial function.
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CLINICAL PERSPECTIVE
Albuminuria, as measured by the urine albumin to creatinine ratio (UACR), predicts cardiovascular events in hypertension, diabetes mellitus, and heart failure. The reasons underlying the association between elevated UACR and worse cardiovascular outcomes are unclear but may be attributable to the relationship between endothelial dysfunction and intrinsic myocardial dysfunction. We therefore sought to study the relationship between UACR and cardiac mechanics (measured by speckletracking echocardiography) in the Hypertension Genetic Epidemiology Network (HyperGEN) Study, a population-and family-based study of hypertensive and normotensive individuals. In a sample of 1894 HyperGEN participants, all of whom had ejection fraction >50% and normal wall motion, we demonstrated a continuous, linear relationship between UACR and cardiac mechanics, especially global longitudinal strain. The relationship between increased UACR and worse longitudinal strain persisted after adjustment for multiple confounders and in subgroup analyses. These associations were even present in individuals with UACR levels in the normal range (< 30 mg/g). Observing this relationship in the diverse, ambulatory HyperGEN cohort after controlling for comorbidities-especially diabetes mellitus and hypertension-suggests that UACR, as a marker for endothelial dysfunction, may share a pathophysiologic link with intrinsic myocardial dysfunction even in very early, asymptomatic stages. These findings highlight the possibility that early treatment of endothelial dysfunction may be a way to prevent the onset of myocardial dysfunction in at-risk patients. β-coefficient of association between urinary albumin-to-creatinine ratio and global longitudinal strain as each covariate is added in a stepwise fashion to the model. The base model is adjusted for the random effects of family membership, as is each model thereafter. Institution is highly collinear with race, and therefore captures the variance attributable to race. UACR = urinary albumin-to-creatinine ratio; CI = confidence interval The β-coefficients shown above are for the association between UACR and global longitudinal strain when each individual covariate is added to the base model (which accounts for family relatedness). Thus, each beta-coefficient above is for a model that contains only the covariate, family relatedness, and UACR (in contrast to the stepwise addition of covariates shown above in Supplementary Table S2) . UACR = urinary albumin-to-creatinine ratio. CI=confidence interval.
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